A 46-kDa hemolytic protein referred to as cystalysin, from Treponema denticola ATCC 35404, was characterized and overexpressed in Escherichia coli LC-67. Cystalysin lysed erythrocytes, hemoxidized hemoglobin to sulfhemoglobin and methemoglobin, and removed the sulfhydryl and amino group from selected S-containing compounds (e.g., cysteine) producing H 2 S, NH 3 , and pyruvate. With L-cysteine as substrate, cystalysin obeys Michaelis-Menten kinetics. Cystathionine and s-aminoethyl-L-cysteine were also substrates. Several of the small alpha amino acids were found to be competitive inhibitors of cystalysin. The enzymatic activity was increased by b-mercaptoethanol and was not inhibited by the proteinase inhibitor TLCK (Na-p-tosyl-L-lysine chloromethyl ketone), pronase, or proteinase K, suggesting the functional site was physically protected or located in a small fragment of the polypeptide. We hypothesize that cystalysin is a pyridoxal-5-phosphatecontaining enzyme with the activity of an aC-N and bC-S lyase (cystathionase). Since high amounts of H 2 S have been reported in deep periodontal pockets, this metabolic enzyme from T. denticola may also function in vivo as an important virulence molecule.
Increasing evidence indicates that the oral treponemes play progression of periodontal diseases [25 -27] . Only a limited number of oral bacterial species have the metabolic capabilities a significant role in the microbial ecology associated with the destructive events of periodontal disease [1 -5] . Riviere et al.
necessary to produce and survive in the presence of high levels of H 2 S [26, 27] , and T. denticola is a prominent representative [6, 7] have described pathogen-related oral spirochetes (PROS), some of which are believed to be similar to Treponema vinof this physiological phenotype. Chu et al. [30 -32] have recently described the isolation of centii [8] , and Simonson and his co-workers [5, 9, 10] and Riviere et al. [6, 7, 11, 12] have also documented the impora 46-kDa protein (cystalysin) from T. denticola that possesses both hemoxidative and hemolytic activities and is regulated by tance of the oral treponemes in the progression of periodontal disease. In vitro, Treponema denticola produces a large number the amount of iron in the in vitro growth medium. The gene encoding this protein was cloned, sequenced, and expressed in of purported virulence factors, including tissue-degrading enzymes, cytotoxic factors [13 -21] , and at least two types of Escherichia coli [33] , and the amino acid sequence deduced by DNA sequencing of cystalysin exhibited significant identity proteins, which interact with selected host cells [22 -24] . These factors, if functional in the in vivo environment of the host, to a family of aminotransferases [33, 34] with either aspartate aminotransferase [35, 36] or bC-S lyase activities [37, 38] . could contribute significantly to the bone and tissue destruction characteristic of this inflammatory oral disease.
The study presented here describes the enzymatic activity of the 46-kDa cystalysin as a cysteine desulfhydrase and postulates a Several reports [25 -27] have described H 2 S formation as an end product of the metabolism of human serum proteins, mechanism by which this protein could function in vivo as a virulence factor. as well as from cysteine and glutathione. H 2 S has also been found in relatively high levels (ú2 mM) in periodontal disease pockets. Since H 2 S is highly toxic for mammalian cells [28, Materials and Methods 29] , the enzymes participating in the production of H 2 S in the Bacterial Strains and Growth Condition septic subgingival sulcus might contribute to the initiation and T. denticola ATCC 35404 (TD-4) was grown as previously described [39] . Since iron-starvation resulted in an upregulation of cystalysin [30] , we incorporated 200 mmol of BPD (2,2- This article is part of a series of papers presented at a symposium entitled bipyridyl) into 1 liter of GM-1-cysteine medium for the purifi- 
Amino Acid Composition and Analysis
resuspended in the same buffer. A proteinase inhibitor cocktail [40] was added to the cells, and the suspension was mixed Cystalysin from either T. denticola TD-4 or E. coli LC-67 thoroughly and stored frozen at 020ЊC until used.
(40 mg) was electrophoresed through SDS -7.5% polyacrylamide gels, and the purified protein band was transferred to Immobilon P membranes (Millipore, Marlborough, MA) [23] Fractionation and Purification of the 46-kDa Protein of and subjected to amino acid analysis on a Beckman System T. denticola TD-4 7300 amino acid analyzer (Beckman, Brea, CA) [23] .
The purification of the native cystalysin from T. denticola TD-4 was carried out as described by Chu and Holt [31] . The Enzyme and End-Product Analysis recombinant 46-kDa protein was purified as described below.
Cysteine desulfhydrase activity was routinely assayed by Initial enrichment of the 46-kDa protein. Frozen E. coli quantifying H 2 S (see below and [20] ). Unless otherwise indi-LC-67 was thawed slowly and diluted with PBS to a whole-cell cated, all assays were performed in PBS (pH, 7.5). protein concentration of 4.5 mg/mL. The cells were sonicated Hydrogen sulfide. Sulfide formation was quantitated as de-(Branson Cell Disrupter 200; Sonic Power, Danbury, CT) for scribed by Siegel [43] except that the reaction mixture was 10 minutes at maximum output at 4ЊC, and the soluble fraction prepared in a 1-mL volume in a 1.5-mL microcentrifuge tube was separated by ultracentrifugation at 150,000g for 2 hours.
sealed with a parafilm wrapped cap. Sulfide concentration was This soluble cell fraction was used for the isolation of cystadetermined from a Na 2 S standard curve. lysin by solid (70% to 90%) (NH 4 ) 2 SO 4 (AS) precipitation.
Pyruvic acid analysis. Pyruvate formation was analyzed as DEAE-sephacel chromatography. Approximately 15 mL described by Zheng et al. [44] , with some modification. In brief, of a 70% -90% AS fraction was applied to a DEAE-sephacel the reaction mixture consisted of cystalysin and the substrates column (2.5 1 14 cm; Pharmacia Fine Chemicals, Uppsala, (cysteine or cystathionine or others) to be studied and was Sweden), equilibrated with 10 mM of phosphate buffer (pH, incubated for 15 minutes at 37ЊC. A 0.25-mL aliquot of the 7.5). Protein fractions were eluted from the column, and the resulting supernatants was mixed with 0.25 mL each of 1.5 M fractions were collected and assayed for protein concentration Tris-HCl (pH, 7.5), 0.58 mM NADH, and distilled H 2 O. and hemoxidative (HeO), hemolytic (HeA), and H 2 S activity Twenty units of lactate dehydrogenase (20 mL) was added, and (see below). Fractions with high activity were pooled, dialyzed the oxidation of NADH was recorded on a DU-65 spectropho-(see above), and concentrated (see below; referred to as tometer (Beckman) as the decrease in absorbance at 340 nm, DEAEF).
compared with a pyruvic acid standard curve. Preparative electrophoresis. The cystalysin was purified Ammonia. NH 3 formation was assayed by modification of from the DEAEF by two rounds of preparative electrophoresis the method of Bauer et al. [45] . The NH 3 concentration was (Model 491 Prep Cell; Bio-Rad, Richmond, CA). Fractions calculated from a standard ammonium sulfate curve. were collected at an elution rate of 50 mL/h. Protein, HeA, aC-N and bC-S lyase. aC-N and bC-S lyase activity was HeO, and H 2 S activities were determined for each fraction. measured according to the formation of homocysteine and cysBased on the enzyme activity, the fractions containing §15 teamine, as detected by gas chromotography/mass spectrometry mg of protein/mL were concentrated by speed vacuum concen-(GC/MS). tration (SpeedVac Concentrator [SC 100]; Savant, FarmingOther end products. The procedure described by Weinberg dale, NY), combined, and dialyzed. Protein concentration was and Holt [23] was used for analysis and identification of amino determined by the Bio-Rad protein assay [41] .
acid end products.
SDS-PAGE Enzyme Kinetics
The discontinuous gel system of Laemmli [42] was used for For the determination of K m , V max , and k cat , cystalysin was SDS-PAGE analysis.
dialyzed into 60 mM potassium phosphate and 0.1 mM EDTA (pH, 7.4). Kinetics were assessed at room temperature in 11 mM potassium phosphate, 170 mM NaCl, and 0.1 mM EDTA (pH, 7.4). All samples were made into 4-mM concentrations
Antibody Production and Western Blotting (Immunoblotting)
in cysteine immediately prior to color development for sulfide quantification, either by addition of cysteine or by dilution of Antibody against the purified recombinant cystalysin was produced in New Zealand white rabbits (200 mg of purified the sample. K m and V max were determined by nonlinear leastsquares regression to the Michaelis-Menten equation. The k cat protein mixed with Freund's incomplete adjuvant per injection) as described previously [32] . Western immunoblotting was carwas calculated on the basis of the enzyme concentration estimated from the absorbance at 280 nm, with use of an extinction ried out as described previously [23] . coefficient of 72 mM 01 cm
01
. Inhibition of cystalysin activity response of HeO and HeA activity (figure 2, insert). While 36 mM cysteine resulted in significantly increased HeO and HeA was evaluated by varying the concentrations of cysteine and each of the inhibitors. The data were evaluated with use of the activity, this concentration was found to be somewhat toxic to other biological reactions studied. An 18-mM concentration of equation for the determination of competitive inhibition:
cysteine was found to give maximum activity with no toxic
effects (see below for effect of cysteine on purified cystalysin). by nonlinear least squares.
Purification and Characterization of Cystalysin from T. denticola and E. coli Recombinant LC-67 HeO Activity Assay
All positive E. coli recombinants overexpressed a protein of HeO activity was determined with use of sheep RBCs as 46 kDa [33] and showed H 2 S-forming activity. One of these described by Leady and Smith [46] and as modified by Chu (LC-67) was used in the purification of cystalysin from E. coli. and Holt [31] .
Use of DEAE-Sephacel and preparative PAGE electrophoresis resulted in Ç27-fold purification of the protein, with a yield
HeA Activity Assay of 42% of the total enzyme activity. Concomitant SDS-PAGE of the various purification steps is shown in figure 3 . The HeA activity was determined as described by Chu figure 3 , compare lane were incubated with cystalysin (1 mg/mL) in PBS buffer at 5 with lane 6, the latter prepared from T. denticola). 37ЊC for 30 minutes and then mixed with 0.5 mM cysteine for Biologically and functionally, the N-terminal amino acid another hour under the same conditions. The effects of pH sequence, molecular weight (kDa), amino acid composition, and temperature on enzyme activity and end-product formation antigenicity, and HeO, HeA, and H 2 S formation activities of were determined at pH values between 5 and 10 and at tempera-E. coli LC-67 recombinant protein were identical to those of tures between 0ЊC and 100ЊC. The production of H 2 S was the purified T. denticola cystalysin (data not shown). determined as described above. For the analysis of effects of proteinase K treatment of cystalysin on end-product formation and on HeO and HeA activities, cystalysin in PBS buffer was HeO activity always preceding HeA activity by at least 12 hours. In the presence of cysteine (0.6 mM), there was a 30-Growth, Hemoxidation, and Hemolytic Activity of T. denticola to 60-fold increase in HeO and HeA activity, which occurred at least 10 -20 times faster than that seen in the absence of As seen in figure 1 , growth of T. denticola in standard GM-1 medium plus 18 mM cysteine resulted in maximum growth cysteine (data not shown). The HeO and HeA activity of the purified cystalysin appeared to be regulated by various sulfhyyield after Ç4 days. Hemoxidation (figure 1A; hemoglobinFe /2 to hemoglobinFe /3 and/or sulfhemoglobin) occurred very rapdryl-containing compounds (figure 4). b-mercaptoethanol (0.5 mM) had a significant enhancing effect on the cysteine (0.6 idly, with maximum oxidation occurring between 12 and 24 hours. In comparison, maximum hemolysis (figure 1B) ocmM) -dependent HeO and HeA activity of the cystalysin (figure 4). curred only after Ç2.5 -3 days. Cysteine also had a significant effect on final growth yield, with maximum yield occurring in Dithiothreitol (DTT; 0.5 mM), on the other hand, completely inhibited HeO and HeA activity of the cystalysin in the presa dose-dependent fashion (figure 2). Cysteine was found to be an important stimulator of HeO and HeA activity. In the abence of cysteine (figure 4). In the absence of cysteine, cystalysin interacting with b-mercaptoethanol and DTT had no effect on sence of cysteine, there were very low levels of HeO and HeA activity, while addition of cysteine resulted in a dose-related HeO and HeA activity in this experimental condition (data not / 9c63$$mr30 02-24-99 10:52:23 cida UC: CID shown). Homocysteine and methionine also did not alter the desulfhydrases ( (table 1) . Cystalysin obeys Michaelis-Menten kinetics, with cysteine as the substrate (figure 5). The K m was determined to be 3.4 mM, and the V max of 2.52 corresponds to a k cat of 12 sec 01 at room temperature. This rate of catalysis supports the idea that cystalysin is a very reactive protein in the conversion of cysteine to its end products. The effect of pH and temperature on enzyme activity were also tested. Maximum H 2 S production occurred between pH values of 7.8 and 8.0. The enzyme was also sensitive to heat, with temperatures ú50ЊC significantly decreasing enzymatic activity and a temperature of 70ЊC for 30 minutes completely inactivating the enzyme (data not shown).
The effects of proteinase K on the integrity and activity of cystalysin were also studied. While proteinase K degrades a large number of different proteins, resulting in both degradation of the protein and concomitant loss of functional activity, this effect was not observed for cystalysin. Treatment of cystalysin with 10 mg or 100 mg of proteinase K per mL cleaved the protein to peptides that were not visualized by SDS-PAGE (data not shown) but still retained HeO and HeA activities and produced H 2 S (data not shown). Preliminary results indicate that the enzyme activity of the proteinase K digest was localized in a õ10-kDa fraction. Identical results were obtained with pronase at the protease concentrations tested (data not shown).
Inhibitor/Activator Studies
The effects of potential chemical and physical agents on the interaction of cystalysin with cysteine were tested. Except for b-mercaptoethanol and dithiothreitol, all of the other chemicals, which were selected on the basis of previously reported TLCK, PMSF, and benzamidine), had no effect on enzyme cause of their structural similarity to cysteine. Small amino acids (i.e., glycine, serine, and alanine) were found to be competitive inhibitors of cystalysin. The K I values for glycine, Lserine, and L-alanine were 7.4, 15, and 22 mM, respectively lysin with reduced glutathione resulted in the formation of small amounts of H 2 S, while similar incubation with cystathio-(data not shown). The L-amino acids with side chains larger than cysteine were less effective as inhibitors. L-Methionine, nine and S-b-aminoethyl-L-cysteine (AEC) produced no detectable H 2 S.
L-asparagine, L-valine, and L-threonine, for example, each had K I values ú 150 mM. However, ammonia and pyruvate were also the end products of cystathionine and AEC. GC/MS analysis of the interaction of cystathionine and AEC with the cystalysin revealed homoDiscussion cysteine and cysteamine as the respective major end products (table 1). Note that cystathionine and AEC also are the subWe have isolated, purified, and characterized the 46-kDa protein cystalysin with hemolytic activity, from T. denticola strates of cystalysin but also produced NH 3 ) to methemoglobin and sulfhemoglobin.
125
I-radioautoCystalysin's preferred substrates are sulfur-containing comgraphic studies have localized cystalysin in the RBC plasma pounds in which the sulfur group is adjacent to both a bmembrane, where it results in the formation of irregular holes methylene group and an a-amino group (figure 6 and discussion [30] . These ultrastructural changes are similar to the echinobelow). As seen in figure 6, cystalysin interaction with cysteine cytes that form upon sulfhemoglobin or choleglobin accumulaand cystathionine produces stochiometric amounts of NH 3 , H 2 S, and pyruvate, while interaction with (S)-2-aminoethyl-Lcysteine degrades the sulfhydryl-methylene bond to produce cysteamine, NH 3 , and pyruvate. Cysteamine cannot be further degraded by cystalysin because of its chemical configuration. participates in RBC oxidation and lysis is still unclear.
/ 9c63$$mr30 02-24-99 10:52:23 cida UC: CID and T. denticola (through hemagglutination [14] or unknown mechanisms) interacts with the RBC plasma membrane, apparently releasing cystalysin into the interior of the RBC, where it interacts with and oxidizes the hemoglobin molecule. Cystalysin has significant protein-sequence homology to the pyridoxal-phosphate-dependent (PPD) aminotransferase family of proteins. The two most studied from this family of enzymes are the Mal Y protein from E. coli [33, 50] (identity of 29%) and C-S lyase from Corynebacterium glutamicum [33, 37] (identity of 29%). The Mal Y protein and C-S lyase have been identified as bC-S lyases, the end products of which are NH 3 , pyruvate, and S-containing compounds from amino acids containing a bC-S linkage [37, 38] . Cystalysin exhibited cysteine desulfhydrase activity (deamination). In contrast, cystalysin failed to catalyze gC-S-elimination reactions and also failed to react with aC-N linkages of amino acids without a bC-S linkage (e.g., serine and alanine). However, the enzyme was readily inhibited by small amino acids (glycine, serine, and alanine). The K m toward cysteine (3.6 mM) indicates that the amino acid binds to the active site with a K d tighter than 3.6 mM. Thus, cysteine is bound more tightly than other, smaller amino acids (glycine and alanine) and the isosteric L-serine or those amino acids with larger side chains.
Combined with the substrate profile, our results indicate that the cysteine desulfhydrase activity is the most probable in vivo enzymatic activity of cystalysin. Cystalysin also possesses cystathionase (bC-S lyase) activity, and the proposed chemical reactions of this enzyme with cysteine, cystathionine, and AEC are summarized in figure 6. Cystalysin could also supply NH 3 and pyruvate from cysteine-containing compounds, as well as Fe from destruction of RBCs, to other members of the subgingival microbiota for growth and metabolism. Chu and Holt (unpublished data) have observed that both NH 3 and pyruvate significantly increased cell yields and produced a shorter generation time in cultures of T. denticola.
Cystalysin is not a typical cysteine-dependent hemolysin [31] , and the mechanism of hemoxidation and hemolysis may be atypical and complex. It is interesting that b-mercaptoethanol and dithiothreitol (DTT) have opposite effects on the HeO and HeA activities of cystalysin, even though each of the compounds increased H 2 S production (fourfold and twofold, respectively). The mechanism of DTT inhibition of HeO and teine as substrate (as control) did not show any HeO and HeA activities within 10 hours, and since cystalysin plus cystathionine or AEC as a substrate (producing NH 3 and pyruvate, but We propose that in whole cells of T. denticola, intracellular levels of cystalysin are upregulated in the presence of limiting without H 2 S production) did not have HeO and HeA activities (table 1) , whether H 2 S as one of the enzyme products plays an levels or depletion [30] or in the presence of selected sulfhydryl compounds (e.g., cysteine). At least during active periodontal important role in the hemoxidation and hemolysis is to be determined. activity, large numbers of RBCs transit into the gingival pocket, / 9c63$$mr30 02-24-99 10:52:23 cida UC: CID in the destruction of other host cells [51] , including other hemo- 
